Plants contain numerous CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION (ESR) (CLE) genes encoding small secreted peptide hormones that function in a variety of developmental and physiological processes. The first known Arabidopsis CLE gene was originally discovered through the analysis of clv3 mutants, which exhibit fasciated stems and an increased number of floral organs. In total, 32 CLE genes have been identified in Arabidopsis. Amongst these are CLV3 and CLE40, which repress the expression of homeobox-containing genes WUSCHEL (WUS) and WUSCHEL-related homeobox 5 (WOX5) to control shoot apical meristem (SAM) and root columella initial cell activity, respectively. Interestingly, the CLE signaling pathway appears to be conserved amongst plants. In this review, we discuss the latest research uncovering the diverse functions and activities of CLE peptides in plants; especially during shoot, root and vascular development. In addition, we discuss the important role of CLE peptides during infection by phytoparasitic nematodes. Understanding the molecular properties of CLE peptides and their modes of action will provide further insight into plant cell-cell communication, which could also be applied to manipulate plant-nematode interactions.
Introduction
Cell to cell communication is a fundamental mechanism for coordinating various physiological events in multicellular organisms, and hormones play a crucial role in this process. For many years, phytohormones have been extensively studied and thought to be the key regulators of growth and development in plants. In contrast, small peptide hormones in animals, such as insulin, have long been known to regulate cell-cell communication events. Systemin was the first functional peptide hormone to be identified in plants 20 years ago, and is known to mediate the wounding response (Pearce et al. 1991 , McGurl et al. 1992 ). More recently, however, biochemical and genetic analyses have revealed numerous other secreted peptides that are also important for plant intercellular signaling, where they regulate various developmental and physiological processes , Betsuyaku et al. 2011 , Matsubayashi 2011 , Tabata and Sawa 2011 , Sawa 2012 .
CLAVATA3 (CLV3) and TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR (TDIF) were the first CLV3/EMBRYO SURROUNDING REGION (ESR) (CLE) peptide hormones shown to function in plant development (Ito et al. 2006 , Kondo et al. 2006 ). CLV3 and TDIF peptides are required for shoot apical meristem (SAM) homeostasis and tracheary element development, respectively (Ito et al. 2006 , Kondo et al. 2006 . Moreover, these CLE peptides have been shown to interact with multiple leucine-rich repeat receptor-like kinases (LRR-RLKs). For example, genetic analyses indicate that CLV1 and CLV2 function as likely CLV3 receptors (Clark et al. 1995, Kayes and . In addition, CORYNE (CRN)/SUPPRESSOR OF LLP1-2 (SOL2) and RECEPTOR LIKE PROTEIN KINASE 2 [RPK2; also known as TOADSTOOL 2 (TOAD2)] also perceive the CLV3 signal at the plasma membrane (Miwa et al. 2008 , Müller et al. 2008 , Kinoshita et al. 2010 . Thus three independent receptor complexes, CLV1, CLV2-CRN/SOL2 and RPK2, perceive CLV3 peptides to restrict SAM size (Kinoshita et al. 2010 ).
Multiple lines of evidence suggest that complex molecular mechanisms involving CLE peptides regulate meristematic activity and development in plants (Kobayashi et al. 2010 , Takano et al. 2010 , Ueda et al. 2011 . Indeed, members of the CLE gene family as well as LRR-RLK-encoding CLV1 homologs have been identified in various plants, including green alga, Selaginella moelendorffii, Oryza sativa (rice), Glycine max (soybean) and Lotus japonicus (Suzaki et al. 2006 , Kinoshita et al. 2007 , Oelkers et al. 2008 , Miwa et al. 2009a , Miwa et al. 2009b , Okamoto et al. 2009 , Lim et al. 2011 , Okamoto et al. 2011 , thus suggesting that the CLE signaling pathway has been conserved during the course of plant evolution.
Interestingly, plant parasitic nematodes also contain CLE-like genes (Wang et al. 2001 , Huang et al. 2006 . For instance, in the nematode Heterodera glycines, HgCLE1/2B10/Hg-SYV46 and HgCLE2/4G12 encode proteins with a C-terminal CLE domain (Wang 2001 , Gao 2003 . Remarkably, overexpression of HgCLE1 in Arabidopsis clv3 mutants was able to rescue the phenotypic abnormalities (Wang et al. 2005) , thus indicating functional conservation of CLE peptides in nematodes and plants.
In this review, we summarize and discuss the functions and mechanisms of CLE peptides, focusing primarily on research conducted in Arabidopsis thaliana. From these studies, it is apparent that CLEs, and in particular CLV3, represents one of the best-characterized and biologically important peptide hormones in plants. Knowledge of these signaling molecules will undoubtedly help increase our understanding of cell to cell communication systems.
CLV3 Maintains the SAM
The SAM comprises a collection of cells that continuously renew themselves by cell division, and contribute to the formation of new organs. The SAM can be divided into three zones, the central zone (CZ), peripheral zone (PZ) and rib zone (RZ) (Fig. 1) . The CZ is found at the SAM apex and comprises a self-renewing population of undifferentiated pluripotent stem cells, while the stem cell niche/organizing center (OC) orchestrates the fine balance between stem cell maintenance and lateral organ differentiation. Arabidopsis clv mutants produce an enlarged CZ, but do not exhibit abnormalities in the PZ and RZ (Clark et al. 1995) . The enlarged CZ in clv3 mutants induces fasciated stem formation, though the sizes of flowers, floral organs and leaves are not affected (Clark et al. 1995) . The CLV3 peptide hormone is secreted from the top of the SAM and perceived by the LRR-RLK, CLV1 , which represses the expression of the homeodomain transcription factor WUSCHEL (WUS) in the OC, to maintain stem cell activity (Fig. 1) . The expression pattern of WUS overlaps with and is surrounded by CLV1 (Clark et al. 1997 ; Fig. 1 ). As such, WUS expression is restricted to the OC by the CLV3-CLV1 signaling pathway. Live imaging techniques and modeling revealed that WUS directly binds to the CLV3 promoter region to activate its transcription (Yadav et al. 2011) , thus CLV3 expression is in turn positively regulated by WUS via a non-cell-autonomous feedback mechanism.
The RLK-LRRs BARELY ANY MERISTEM 1 (BAM1) and BAM2 show high amino acid sequence similarity to CLV1. However, bam1 bam2 double mutants possess a smaller SAM than the wild type, whereas clv1 exhibits increased SAM size. This observation, together with the finding that BAM1 is expressed on the flanks of the shoot meristem, suggests that BAM1 binds to CLV3-related peptides and prevents their secretion from the PZ to the OC (DeYoung et al. 2006, DeYoung and Clark 2008 ; Fig. 1 ). Indeed, direct binding of BAM to CLE peptides was recently demonstrated by Shinohara et al. (2012) . CLE16, CLE17 and CLE27 promoter activities have been observed in the SAM (Jun et al. 2010) , and it is likely that the corresponding CLE peptides are confined to the PZ by BAM1 to promote the activity of the OC (DeYoung et al. 2006) .
CLE Peptide Activity and Perception in the SAM
The 32 CLE genes present in Arabidopsis encode pre-proteins of around 100 amino acids that contain an N-terminal secretion signal, a C-terminal CLE domain and a variable domain situated between these two regions (Fig. 2) . Variable domains are thought to play a role in modifying CLE peptide activity, as domain-swapping experiments revealed that the variable domain of CLE1 enhances CLE14 function to promote the SAM consumption phenotype .
Mature CLV3 peptides consist of 12 or 13 amino acids (Kondo et al. 2006 , Ohyama et al. 2009 ) with or without post-translational modifications. Ohyama and colleagues identified a 13 amino acid CLV3 peptide form that had undergone sugar modification at a hydroxylated proline residue in vivo (Fig. 2) , which enhanced CLV3 activity by increasing its affinity Fig. 1 Model showing CLE signaling cascades taking place in the SAM. The SAM is divided into three zones, the peripheral zone (PZ), the central zone (CZ) and the rib zone (RZ). CLV3 represses WUS gene expression, and BAM1 functions to restrict CLE peptides in the PZ. OC, organizing center. for binding to CLV1 (Ohyama et al. 2009 ). Interestingly, synthetic CLE peptides function in vivo by using endogeneous CLV3 receptors (Fiers et al. 2005 , Kondo et al. 2006 , Kinoshita et al. 2010 . However, in the case of the synthetic CLV3 peptide without sugar modifications, the 12 amino acid form is more active than its 13 amino acid peptide form. Further analysis is thus needed to clarify the significance of sugar modifications of CLE peptides.
The production of functional synthetic peptides may enable the development of CLE analog peptides. T. replaced proline residues in CLV3 peptides with N-substituted glycines (peptoids) and found that this substitution did not affect the affinity for binding to CLV1. However, the bioactivity of the peptide was reduced, indicating that synthetic compounds may be used as potential antagonists of their endogenous CLE peptides.
Mutation of CLV2, CRN, SOL2 and RPK2/TOAD2 produce enlarged SAMs and an increased number of floral organs (Clark et al. 1995 , Kayes and Clark 1998 , Miwa et al. 2008 , Müller et al. 2008 , Kinoshita et al. 2010 . CLV2 encodes an LRR-receptor-like protein that lacks an intracellar kinase domain, CRN/SOL2 encodes a membrane-associated kinase that lacks an extracellular domain and RPK2 encodes an LRR-RLK that is similar to CLV1. Genetic analyses showed that clv1 clv2, clv2 rpk2 and rpk2 clv1 double mutants had larger SAMs than any of the corresponding single mutants. Further, the clv1 clv2 rpk2 triple mutant produced an enlarged SAM similar to that of the clv3 single mutant. Although the CLV3 peptide is able to bind to CLV1 ) and CLV2 with similar kinetics (Guo et al. 2010) , a direct interaction between CLV3 and RPK2 remains to be demonstrated. These results suggest the presence of three independent receptor signaling mechanisms involved in CLV3 perception and signaling. On the other hand, biochemical analyses have recently shown that CRN/SOL2 can function as a molecular bridge to bind CLV1 to CLV2 and CLV1 to RPK2 (Zhu et al. 2009 , Bleckmann et al. 2010 , Betsuyaku et al. 2011 , thus indicating the structural complexity of the CLV3 perception system. However, the subcellular distribution of these receptor complexes in the SAM region has not been examined. Although CRN/SOL2 contains a kinase domain, no kinase activity has been detected. The kinase-dead mutation crn/sol2 (K146E) does however functionally complement the abnormalities found in crn-1 mutants, indicating that CRN/SOL2 may not function as a kinase, but as a scaffold that assists the assembly of the CLV3 receptor complex (Betsuyaku et al. 2011 , Nimchuk et al. 2011 . In contrast, the kinase activity of CLV1 is thought to be regulated by phosphorylation of its active kinase domain in a CLV3-dependent manner (Betsuyaku et al. 2011 ).
Identification of Downstream Components in the CLV3 Signaling Pathway
While it is known that receptor kinases transmit the CLV3 signal via phosphorylation, exactly what acts downstream of these receptors is less clear. The type2C kinase-associated protein phosphatase (KAPP) was reported to interact directly with the CLV1 kinase domain to inhibit CLV3 signaling activity , Stone et al. 1998 ; Fig. 3 ). In addition, mutations in the Protein Phosphatase 2C-encoding gene POLTERGERIST 1 (POL1) (Yu and Clark, 2003) and in the POL1 homolog POLTERGERIST LIKE 1 (PLL1) are both able to suppress the clv1 mutant phenotype (Song and Clark 2005) . pol1 and pll1 mutations are epistatic to clv3, and both POL1 and PLL1 regulate WUS transcription levels (Song et al. 2006 ; Fig. 3) . Further, localization of POL1 to the plasma membrane region is required for its proper functioning, and it is catalytically activated by phosphatidylinositol (4) phosphate (Gagne and Clark 2010) .
The mitogen-activated protein (MAP) kinase cascade is believed to transmit the CLV3 signal (Trotochaud et al. 1999) . In support of this theory, exogeneous CLV3 peptide application stimulated MAP kinase 6 (MPK6) activity (Betsuyaku et al. 2011 ; Fig. 3 ). Interestingly, MPK6 activity was also up-regulated in clv1 mutants. Furthermore, induction of the dominantnegative form of MKK4 suppressed the clv1 phenotype (Betsuyaku et al. 2011 ). This was the first report to demonstrate the possible involvement of the MAP kinase cascade in CLV signaling. Rho Ras GTPase-related proteins (ROPs) are known to be involved in MAP kinase cascades (Downward 2001) ; therefore, it is likely that a ROP(s) also regulates CLV signaling through modulation of MKK4-MPK6 activity (Trotochaud et al. 1999 ; and see Fig. 3 ).
Similar to POL1 and PLL1, other downstream targets of CLV3 are also expected to influence WUS expression levels. BRCA1-associated RING domain 1 (BARD1), which was originally reported to act in DNA repair (Reidt et al. 2006) , may be one such target (Fig. 3) . In support of this hypothesis, the bard1 mutant and BARD1 overexpression line exhibited increased and decreased WUS transcript levels, respectively, while the wus bard1 double mutant showed a wus-like phenotype (Han et al. 2008 ). Further, BARD1 was found to function in SAM homeostasis where it binds to the WUS promoter region directly and limit its expression (Han et al. 2008) . Interestingly, this particular CLV3 signaling pathway is also regulated by the plant hormone, cytokinin (Werner et al. 2003 , Gordon et al. 2009 , Zhao et al 2010 , Chickarmane et al. 2012 ; Fig. 3 ). The localized perception of cytokinin establishes a spatial domain in which cell fate is re-specified through induction of WUS expression (Chickarmane et al. 2012) . Further, cytokinin in the SAM induces the expression of two-component A-type ARABIDOPSIS RESPONSE REGULATOR genes (ARR7 and ARR15), which are negative regulators of cytokinin signaling (Zhao et al. 2010 ; Fig. 3 ). Both cytokinin and auxin regulate the activity of ARR7 and ARR15 promoters to regulate CLV3 expression positively and WUS negatively (Zhao et al. 2010 ; Fig. 3 ), while WUS directly represses transcription of ARR5, ARR6, ARR7 and ARR15 (Leibfried et al. 2005 ; Fig. 3 ). These multicomponent feedback loops involving cytokinin and CLV-WUS signaling control stem cell number in the SAM.
Plants have evolved an excellent system to control SAM size in order to adapt to various environmental changes. For example, in dark environments, plants tend to grow quickly and produce slender shoots due to increased CLV3 signaling activity. Yoshida et al. (2011) found that light alters meristematic activity by regulating the cytokinin and CLV3 signaling pathways together with the auxin signaling pathway. It was also suggested that cytokinin might negatively regulate the CLV3 signaling pathway. Research into the relationship between cytokinin and the CLV3 pathway in maintaining SAM homeostasis is still in its infancy and requires further elucidation. 
Peptidase Function in CLE Maturation
Amino acid sequence analyses of CLE pre-proteins show that conserved lysine or arginine residues are located downstream of the CLE domain (Fig. 4) . These amino acid residues are typically removed by a carboxypeptidase, as demonstrated in yeast (Dmochowska et al. 1987) . Furthermore, endoproteases are thought to regulate the peptide hormone maturation step. In contrast to Arabidopsis CLE genes, rice CLE genes (i.e. OsCLE502, OsCLE504 and OsCLE506) encode proteins that carry multiple CLE domains that are separated by polyproline regions ; Fig. 2 ). The function of these polyproline regions is still unknown. Lu et al. (2009) suggested that they could interact with proline recognition domains, including Src homology 3 (SH3), WW, EVH1 and GYF domains, to mediate diverse intracellular signaling responses. On the other hand, different types of peptidases, which recognize polyproline regions, may be responsible for the maturation steps of these CLE peptides. Ni and Clark (2006) found that CLV3 and CLE1 in cauliflower extracts underwent C-terminal cleavage and N-terminal processing Clark 2006, Ni et al. 2011) . Interestingly, the enzyme responsible for these modifications was thought to be a secreted serine protease. An extracellular serine protease, subtilisin, was also reported to cleave conserved amino acid sequences bordering the putative CLE36 protein of Medicago truncatula (Djordjevic et al. 2011) . N-terminal cleavage of CLE36, during peptide maturation or regulation of peptide stability and/or biological activity, might occur in the apoplast.
The sol1 mutant of Arabidopsis was originally isolated based on its ability to suppress the CLE19 overexpression phenotype (Casamitjana-Martinez et al. 2003) . SOL1 encodes a putative Zn 2+ -carboxypeptidase, which is thought to cleave the C-terminal arginine residue situated directly downstream of the CLE domain during CLE19 maturation. Future biochemical analysis of the SOL1 peptidase and other serine proteases will undoubtedly enhance our understanding of CLE peptide maturation steps.
CLE Functions in Roots
A number of CLE genes exhibit specific yet distinct expression patterns within the root (Fig. 5) . Using GUS (b-glucuronidase) reporter gene constructs, the spatial expression of CLE genes was examined during root development (Jun et al. 2010 ). Whereas CLV3 expression was not detected in the root apical meristem (RAM), the promoter activities of CLE11, CLE13, CLE17 and CLE18 were detected in this region. However, in contrast to the SAM system, none of the CLE or LRR-RLK mutants exhibits enlarged RAM phenotypes even though overexpression of CLEs can affect root structure. In contrast, overexpression of some CLEs or the application of synthetic CLE peptides induced small RAMs and a short-root phenotype (Fiers et al. 2005 , Strabara et al. 2006 , Ito et al. 2006 ; Fig. 6 ). These effects were dependent on CLV2, CRN/SOL2 and RPK2 receptors (Casamitjana-Martinez et al. 2003 , Fiers et al. 2005 , Miwa et al. 2008 , Müller et al. 2008 , Kinoshita et al. 2010 . Further, CLE peptide treatment inhibited cell division in the root cortex and endodermis cell differentiation, resulting in premature differentiation of ground tissue daughter cells and mis-specification of cell identity in the pericycle and endodermis layers ( Fig. 6 ; Fiers et al. 2005) .
In contrast to the SAM system, the molecular mechanisms by which CLEs regulate RAM activity remain unknown. Columella stem cells (CSCs), which give rise to columella cells, are located just below the quiescent center (QC) (Fig. 6) . Starch accumulates in differentiated columella cells, and columella cell layers are pushed out in the direction of Fig. 5 Spatial gene expression patterns of CLE genes in roots. Some CLE genes exhibited distinct and specific expression patterns in the RAM. Fig. 4 Amino acid sequences of CLE pre-proteins. Some CLE pre-proteins have lysine or arginine residues located upstream of the CLE domains, which can be removed by carboxyl peptidases. root growth. CLE40 expression was recently detected in columella cells by in situ hybridization (Stahl et al. 2009 ). Interestingly, despite cle40 mutants displaying a short, waving root phenotype when grown on agar plates (Hobe et al. 2003) , CLE40 is thought to maintain homeostasis but not cellular organization within the RAM (Hobe et al. 2003 , Stahl et al. 2009 ). Stahl et al. (2009) found that whereas the number of CSCs was increased in the cle40 mutant, synthetic CLE40 peptide treatment induced starch accumulation in CSCs (Fig. 6) , indicating that CLE40 induces columella cell differentiation. In contrast, WUSCHEL-related homeobox 5 (WOX5) overexpression repressed columella cell differentiation and increased the number of CSCs, while WOX5 loss-of-function mutants exhibited an enlarged QC, suggesting loss of stem cell activity. Although WOX5 expression is restricted to QC cells, WOX5 functions non-cell-autonomously to maintain CSCs in an undifferentiated state (Sarkar et al. 2007) .
How is CLE40 perceived in the root? Studies using synthetic CLE40 peptides revealed that columella cell differentiation was not affected in acr4 mutants, which are defective for a receptor-like kinase belonging to the CRINKLY4 family. Together with the finding that acr4 mutants produce more CSCs, these results suggest that ACR4 functions as a likely receptor of CLE40, which represses WOX5 expression and columella cell differentiation ( Table 1 ). The extracellular domain of ACR4 structurally differs from that of the CLV3 receptors: CLV1, CLV2 and RPK2, which contain an LRR domain, thus suggesting that diverse types of receptor-like kinases may function in CLE peptide perception.
CLE Function in Vascular Development
TDIF, a member of the CLE family, was originally identified based on its ability to inhibit tracheary element differentiation from isolated leaf mesophyll cells of Zinnia elegans (Ito et al. 2006) . Biochemical purification using the ability to suppress tracheary element differentiation as an index, followed by mass spectrometry analysis, revealed that TDIF functions as a dodecapeptide (Ito et al. 2006) . TDIF is secreted from the phloem and is perceived by the TDIF receptor (TDR) in procambial cells, to inhibit the differentiation of procambial stem cells into xylem cells (Hirakawa et al. 2008, Etchells and Turner 2010 ; Table 1 ). TDIF also induces procambial cell proliferation. Synthetic TDIF application induced WOX4 expression in a TDR-dependent manner (Hirakawa et al. 2010) , and WOX4 promoted procambial cell proliferation, but did not inhibit the differentiation of procambial cells into xylem cells (Hirakawa et al. 2010) . Therefore, at least two independent signaling pathways control phloem-xylem communication in the TDIF pathway.
Treatment with synthetic CLE10 peptide inhibited protoxylem development in roots by regulating the signaling pathway of the type-A authentic response regulators (ARRs), ARR5 and ARR6 (Y. ). The authors proposed that CLE10 peptides in roots positively regulate cytokinin signaling by repressing type-A ARRs. The fact that treatment with a synthetic CLE10 peptide did not affect protoxylem formation in Arabidopsis type-B ARR mutant backgrounds, arr10 arr12, further supports this theory (Y. ).
Functional Characterization of other CLE Peptides in Arabidopsis
The involvement of CLE-, LRR-RLK-and WOX-like genes, as well as cytokinin in the TDIF and CLV3 signaling pathways, indicates that the basic components of the CLE signaling pathway are Fig. 6 Effects of synthetic CLE application on RAM structure. CLE peptide application induces RAM consumption, columella cell differentiation and inhibition of cell division for the cortex and endodermis. IC, initial cell for cortex and endodermis cells; QC, quiescent center; CSC, columella stem cell. highly conserved and play a central role in plant development. In order to elucidate the function of other CLE genes, several gain-of-function analyses have been performed in Arabidopsis either by applying synthetic CLE peptides or by overexpressing CLE genes (Ito et al. 2006 , Strabala et al. 2006 , Kinoshita et al. 2007 . One example is the analysis of CLE42, which is expressed in the SAM and axillary meristems. The CLE42 peptide contains a CLE domain that shows significant levels of amino acid sequence similarity to TDIF. In addition, the synthetic CLE42 dodecapeptide can mimic TDIF activity (Ito et al. 2006) . Furthermore, synthetic peptide application and overexpression of CLE42 induced axillary bud emergence (Yaginuma et al. 2011) ; however, this effect was limited in the tdr mutant. Thus, CLE42 is suggested to regulate secondary shoot development (Yaginuma et al. 2011) . Using synthetic peptide applications to determine CLE function does, however, have its limitations. For instance, whereas CLE18 peptide application induced a short-root phenotype, CLE18 overexpression did not (Strabala et al. 2006 , Kinoshita et al. 2007 . Similarly, application of CLE1 peptides did not affect RAM size (Ito et al. 2006) , whereas CLE1 overexpression induced CLV3-like function (Ni and Clark 2006) . These discrepancies may be due to post-translational modifications, including the addition of sugar side chains (as mentioned previously). Therefore, endogenous gene and protein expression patterns as well as mutant analyses remain the most effective methods for analyzing CLE function. Unfortunately, tagged mutants are not readily available due to the short size of CLE genes. Furthermore, some mutants may not show obvious abnormalities because of genetic redundancy. Indeed, the cle1, cle7, cle16 and cle18 single null mutants do not exhibit obvious morphological abnormalities (Jun et al. 2010) . Therefore, to circumvent this issue, Jun et al. determined the spatial expression profiles of Arabidopsis CLE genes using reporter gene constructs to reflect the regions in which the CLE genes are active (Fig. 5) .
With the exception of clv3 and tdif, few cle mutants have been functionally characterized. Arabidopsis CLE8 expression is detectable exclusively in siliques (Sharma et al. 2003) , while cle8 mutants undergo irregular cell divisions in the embryo as well as abnormal endosperm development. CLE8 is thought to function with WOX8 to regulate seed development by orchestrating cell patterning and proliferation in embryo and endosperm (Fiume and Fletcher 2012; Table 1 ).
The Function of CLE Peptides in Plant Parasitic Nematodes
Plant parasitic nematodes are biotrophs that mainly attack plant roots and cause extensive crop damage, amounting to >US$100 billion annually (Sasser and Freckman 1987) . Nematodes secrete various effector proteins that are responsible for the successful infection of plants. These effector proteins are stored in the esophageal gland cells, and are injected into plant cells during the nematode parasitic cycle. Wang et al. (2001) developed an elegant method to identify nematode effector proteins using a cDNA library of Heterodera glycines gland cells fused to an invertase gene. An invertase-deficient mutant of Saccharomyces cerevisiae (yeast) was then transformed with this cDNA library. The use of sucrose as a carbon source by yeast depends on the secretion of invertase, which breaks down sucrose. Only when a cDNA encoding a protein with a signal peptide was introduced, was the invertase-deficient yeast mutant able to grow on sucrose medium. Using this strategy, Wang et al. (2001) identified HgCLE/SYV46 as a putative effector gene. Further analyses showed that HgCLE1 mRNA and protein were present in dorsal esophageal gland cells of the nematode (Wang et al. 2001 , Wang et al. 2005 . Interestingly, overexpression of HgCLE1 in Arabidopsis induced the SAM consumption phenotype, which is identical to that of transgenic plants harboring the 35S::CLV3 construct. Furthermore, induction of HgCLE1 expression in the Arabidopsis clv3 mutant restored the phenotype, indicating that HgCLE1 can also function in Arabidopsis as a peptide hormone (Wang et al. 2005) . Further, CLV2-CRN/ SOL2 appears to transmit the HgCLE1 signal in Arabidopsis. The application of synthetic HgCLE1 peptide and overexpression of HgCLE1 did not, however, affect SAM and RAM structure in clv2 and crn mutants. Interestingly, clv2, crn and sol2 mutants showed resistance to nematode infection . Since both CLV2 and CRN/SOL2 were expressed in nematode-induced syncytia, nematode HgCLE1 appears to function as a peptide hormone by using the Arabidopsis CLV3 signaling pathway for successful infection.
Recent work has investigated how nematode CLEs function in plants. The HgCLE1 peptide is thought to be injected from the nematode's esophageal gland cells into the cytoplasm of plant cells. In this case, plants cannot utilize CLV2-CRN/SOL2 to perceive HgCLE1. Genetic and biochemical analyses revealed that the variable domain of HgCLE1 functions as a signal to re-target the peptide from the cytoplasm to the apoplastic region ; Fig. 2) . Since the N-terminal region of the CLE domain may be cleaved by peptidases secreted into the apoplastic region (see the section 'Peptidase functions in CLE maturation'), nematode CLE may have evolved to take advantage of the plant CLE peptide maturation machinery to remove the variable domain and produce functional HgCLE1 peptides in the apoplast. The molecular function of the variable domain is unknown. Interestingly, the AtOTP6 oligotransporter of Arabidopsis was reported to transport CLE peptides, although inward currents of CLE peptides were induced in AtOPT6-expressing oocytes (Pike et al. 2009 ). The variable domain of HgCLE1 may thus utilize an unknown oligotransporter or membrane trafficking system for the secretion of HgCLE1.
The nematode Globodera rostochiensis has a unique class of CLE genes. The GrCLE pre-protein has multiple CLE domains, which are also found in rice, wheat and Medicago (Cock and McCormick 2001 , Oelkers et al. 2008 ). However, the spacer sequences are not conserved between plants and nematodes, and there is no evidence for horizontal gene transfer between plants and nematodes. The root knot nematodes Meloidogyne incognita and M. hapla contain CLE genes (Goverse and Bird 2011, Mitchum et al. 2012 ) that encode proteins lacking the variable domain. Interestingly, there is no structural conservation between CLE pre-proteins of different nematode species. Plant parasitic nematodes might thus have independently acquired CLE domains during their evolution.
Because overexpression of HgCLE1 in Arabidopsis did not induce syncytia formation, HgCLE1 is necessary but not sufficient for syncytium formation in plants and probably requires other factors. Together with the function of CCS52 and DP-E2F-like genes (Engler et al. 2012) , HgCLE1 may promote the formation of feeding cells in infected plants by repressing cell division to produce giant, multinucleate syncytial cells. Further analysis of nematode CLE and other effector genes will facilitate the development of agricultural strategies to create crops with robust resistance to nematodes.
Final Remarks
CLE peptides function in various cell to cell communication systems during plant development and in response to certain environmental conditions. The presence and conservation of multiple CLE genes in all plants indicates that these molecules are important in the plant life cycle. Although some CLE peptides may be transported via the vascular system, most are predicted to move within the apoplast. However, it is difficult to track the movement of these peptides; green fluorescent protein (GFP) fusion analyses have often failed, probably either because CLE and GFP can be easily cleaved by peptidases or because natural movement is impeded due to the larger size of the GFP molecule. Furthermore, redundancy amongst CLE peptides means that immunohistochemical analyses need to be conducted with care due to the likelihood of cross-reactions with other CLEs. Furthermore, peptidases may activate CLE peptide hormones by cleaving the N-terminal domain in the apoplast. Thus in vivo localization of active CLE peptides awaits confirmation. Similarly, the exact function of sugar modification or how CLE peptide length impacts on activity remains to be determined.
The history of peptide hormones spans only 20 years in plants. The CLE signaling pathway is the best-characterized plant peptide hormone system to date, and many signaling factors in this system, including receptors, homeodomain transcription factors and hormones, have already been identified. However, the components of receptor complexes are still unknown and the intricate molecular mechanisms that underlie CLE peptide activity are only beginning to be deciphered. Future analyses of diverse CLE signaling pathways will enhance our understanding not only of cell to cell communication, but also of interactions between plants and other organisms.
